A data set of long-term radon measurements in approximately 2200 houses in southern Belgium has been collected in an on-going national radon survey. The spatial variation of indoor Rn concentrations is modelled by variograms. A radon distribution map is produced using the log-normal kriging technique. A GIS is used to digitise, process and integrate a variety of data, including geological maps, Rn concentrations associated with house locations and an administrative map, etc. It also allows evaluation of the relationships between various spatial data sets with the goal of producing radon risk maps. Based on geostatistical mapping and spatial analysis, we define three categories of risk areas: high risk, medium risk and low risk area. The correlation between radon concentrations and geological features is proved in this study. High and medium Rn risk zones are dominantly situated in bedrock from the Cambrian to Lower Devonian, although a few medium risk zones are within the Jurassic. It is evident that high-risk zones are related to a strongly folded and fractured context. ᮊ
Introduction
Radon exists widely and is present in all rocks and soils often in small amounts. It is frequently found at high levels in areas where there is no U Corresponding author. Tel.: q32-65-374602; fax: q32-65-
374610.
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. Ž . Zhu , jean-marie.charlet@hydro.fpms.ac.be J.M. Charlet , Ž . andre.poffijn@health.fgov.be A. Poffijn . uranium mineralisation but, generally, more radon is produced from rocks with high uranium than from those with low content. In spite of the inevitable variations in radon flux due to atmospheric conditions, the contribution of radon generation is related to the type of bedrock andror soil. It is important to study correlations between geological features and radon concentrations. Our Ž previous studies on two radon data sets one groundwater Rn data set of some 650 simultaneous observations in springs of southern Belgium 0048-9697r01r$ -see front matter ᮊ 2001 Elsevier Science B.V. All rights reserved. Ž . PII: S 0 0 4 8 -9 6 9 7 0 1 0 0 6 9 3 -3 , 1998 Tondeur and Gerardy, 1995; Tondeur et al., 1996; Charlet and Zhu, . 1997 .
In addition to the large house-to-house variation in radon concentrations, the spatial variation in concentration is considerable. Prediction and mapping of spatial variation would be valuable. Geostatistical techniques provide us with a power tool to study spatial structures of Rn concentrations. In particular the log-normal kriging technique is a useful tool to map Rn concentrations which follow, in general, a log-normal distribution Ž . Zhu and Charlet, 1994; Zhu et al., 1996a,b . Ž . A Geographic Information System GIS is a computer system capable of capturing, storing, checking, integrating, manipulating, analysing and displaying geographically referenced information, i.e. data identified according to their locations. This study uses GIS and geostatistical technology to digitise, process and integrate a variety of data, including geological features, radon concentrations associated with house locations and administrative boundaries. The objective was to evaluate the relationships between various spatial data sets, with the goal of producing radon risk maps in digital form. The study area has approximately Ž . 2200 long-term 3 months indoor radon measurements which are a completed part of an on-going national radon survey organised by the Ministry of Public Health and Environment. The area under study is in southern Belgium, which, in contrast to northern Belgium, is thought to have a Ž . potential radon risk Poffijn et al., 1991 
Methods

Data capture
The geologic structure of the study area is characterised by a folded Palaeozoic basement and a Meso-cenozoic sub-horizontal cover modified by brittle structures. The Palaeozoic basement includes the folded Lower Palaeozoic, characterised by phyllites and quartzites, and the Upper Palaeozoic characterised by pelitic formation Ž . and limestones Fig. 1 . Paper maps of geology were digitised using a digitising tablet and ArcView GIS software to collect the co-ordinates of features. The paper maps used are up to date ŽAsselberghs, 1946; Beugnies, 1983 Beugnies, , 1984 Beugnies, , 1986 . Vandenven, 1990 . A digital form of a geological map for this study comprises two layers: a line layer consisting of linear features, such as faults, limits of metamorphic zones and rivers, etc., and a polygon layer consisting of geological formations. Each linear feature and polygon has a unique identified number linking it to a database. A flow chart indicates data analysis and integra-Ž . tion methodology in this study Fig. 2 .
The national survey of measurements of indoor radon has been carried out using passive tracketch detectors which were installed in randomly selected houses by police of communes at the Ž . ground level the main living area . Measurements were performed over 3 months in the winter. Questionnaires were provided to obtain details of detector placement, full address, and characteristics of houses that could influence Rn levels, such as heating system, double glazing, air Ž circulation and whether or not a cellar or base-. ment under the room measured. More observations are further made in houses with radon levels over 400 Bqrm 3 and the neighbourhood of these high level homes. House locations were drawn by police of communes in a topographical map or city map in most cases. These maps serve to find exact x᎐y co-ordinates with the help of scanned topographical maps. In cases where no location map of houses is available, we use an atlas of streets along with scanned topographical maps to find the approximate x᎐y co-ordinates. Locations of measured houses formed a point data layer. The point data are stored in a database containing other aspatial attributes, such as Rn concentrations, name and addresses of householders and characteristics of houses.
A digital map of administrative boundaries was obtained from the National Geographic Institute. Another data layer is a Rn concentration map that was produced using a geostatistical approach. This contour map of Rn concentrations initially consists of polylines. They are converted, using GIS, to polygon features for spatial analysis.
Mapping radon using a geostatistical approach
Although the national indoor radon survey is not yet fully completed, the data set of approxi-Ž . mately 2200 long-term 3 months measurements was collected in the most important part of the country. The radon data are log-normally distributed. Therefore, logarithmic transforms of radon concentrations were used to perform the geostatistical analysis, including variogram estimation and kriging.
Previous studies have confirmed that the stratigraphic units play an important role in the accumulation of radon. A systematic decrease in Rn concentration was observed in the zone of the Middle Devonian to Carboniferous. into two zones, A and B, within which stationarity Ž . may be assumed Fig. 3 . Both data subsets follow the log-normal distribution. Variogram modelling and kriging were carried out separately in each of these two zones. Ž In each zone experimental variograms Journel . and Huijbregts, 1978; Cressie, 1993 for four di-Ž . rections 0Њ, 45Њ, 90Њ, 135Њ were calculated for log radon. The variograms are isotropic for both Fig. 4 . Calculated mean variograms were fitted using the weighted least-squares method Ž . Cressie 1985; Wang and Hu, 1988 . The variogram for zone A consists of a nugget effect and two spherical structures with ranges of 4 km and 40 km, respectively, while the variogram for zone B is the sum of a nugget effect and two spherical Ž structures with ranges of 4 km and 30 km Table  . 2 . Both models can be expressed as:
Based on the models described above, indoor radon concentrations were estimated using the Ž . log-normal kriging technique Rendu, 1979 . Esti- mates were made at the nodes of a 0.5= 0.5-km grid with a size of 120 = 120 km. Fig. 5 is a kriged contour map of Rn concentration.
Defining radon risk zones
A GIS has strong spatial overlay capabilities. We performed a point-in-polygon operation to analyse the spatial relationship between highradon houses and kriged contour map. Superimposing all measured houses on kriged contour map of Rn concentrations, we defined a contour level as the limit of a category of risk zones, in order that most high radon houses, say, more than 90% of houses with Rn concentrations over Ž a given reference level fall within polygons called . anomaly zones which are formed by the contour 
Results and discussion
The three categories of risk zones were originally polylines. They were converted to polygones using GIS in order to perform statistics and produce risk maps. Fig. 6 is a radon risk map which integrates a variety of data available, including geological maps, radon map, measured houses and administrative boundaries. This map can simplify any subsequent administrative action and should be useful in design of future surveys. It also allows linking of the radon values to geological environments. The correlation between radon concentrations and geological features is proved in this study. High and medium Rn risk zones are dominantly situated in bedrock from the Cambrian to Lower Devonian, although a few medium risk zones are within the Jurassic. Comparing radon risk zones with geological structures, high-risk zones are found to be related to strongly folded and fractured rocks. Tropic and subtropical humid climates during the Palaeogene and the Eocene led to an intense chemical alteration in central Ž and western Ardenne Voisin, 1983; Demoulin, . 1995 . Uranium is preferentially concentrated in ferric oxyhydroxides in fractures and joints ŽDoremus, 1985; Charlet et al., 1987; Zhu et al., . 1998 . Filling materials of the fractures containing radioactive minerals are a main Rn source in the region. Ž Because the risk map is in a digital form vec-. tors , it can be cut into small parts by local units, for instance, counties or communes. The digital maps will be accessed for the public via the Internet in future.
